The populations of the Andean Cupressaceae Austrocedrus chilensis have been severely affected by a disease caused by the phytopathogenic fungus Phytophthora austrocedri. A study was undertaken to disclose changes in the resin composition of P. austrocedri-infected individuals, including naturally infected and artificially inoculated trees, compared with healthy A. chilensis trees. GC-MS and 1 H-NMR studies showed a clear differentiation among healthy and infected resins, with the diterpene isopimara-8(9),15-dien-19-ol as a relevant constituent in resins from infected trees. The effect of resin fractions from P. austrocedri infected trees on the pathogen was assessed by measuring the mycelial growth in agar plates. The most active fractions from resin obtained from infected trees inhibited fungal growth by nearly 50% at 1 mg/dish (35.37 µg/cm 2 ). The main constituent in the active fractions were 18-hydroxymanool and the aldehyde torulosal. Both compounds are oxidation products of manool and can be a chemical response of the tree to the pathogen or be formed from the pathogen as a biotransformation product of manool by microbial oxidation. While the diterpene profiles from A. chilensis tree resins can easily differentiate healthy and P. austrocedri infected individuals, the possible conversion of manool to the antifungal derivatives 4 and 6 by the microorganism remains to be established.
Introduction
The exudation of resins, a mixture of monoterpenes, sesquiterpenes, and diterpene resin acids, is a major part of the constitutive defense mechanisms in conifers. It has been reported that the resins protect against pathogenic agents and insects among other types of damage [1] [2] [3] [4] . Resin acts by blocking wounds, repelling or flushing invader organisms out of the bark, and entrapping organisms by its sticky nature, inhibiting or even killing the invader due to its toxicity.
Resin can be also part of the inducible defense mechanisms, as in the case of traumatic resin ducts that are created de novo in response to wounds, insect damage or pathogenic fungi. The resin formed by traumatic ducts can be different than constitutive resin [5] [6] [7] , and may be more toxic through changes in terpenoid components or addition of phenolics [7] .
Whereas constitutive chemical defenses are generally non-selective with respect to the invader organism, inducible chemical defenses include both broad-spectrum and specific compounds. The resin of conifers contains mainly diterpenes [8] [9] [10] . Diterpenes in resins have been studied by NMR [11] [12] [13] and GC-MS [10, 14, 15] . The variability of the resin terpene composition in conifer species was investigated by Cool et al. (1991) [16] and Cool (1996) [17] in Fitzroya cupressoides. The diterpene composition of the conifer Austrocedrus chilensis was reported by Olate et al. (2011) [18] and seasonal variation in resin composition was also described [19] . There is no information about the variability on diterpene composition in this species under biotic or abiotic stress.
In the last few decades, the Cupressaceae Austrocedrus chilensis, known as "ciprés de la cordillera", has suffered a devastating disease known as "mal del ciprés" or, recently, as "Austrocedrus chilensis root disease" [20] [21] [22] . This disease is characterized by chlorosis, withering of the foliage, progressive defoliation and the death of the tree. It is caused by the pathogen Phytophthora austrocedri (Oomycota, Straminipila) [20] [21] [22] .
There are few studies on antifungal activity of resins against Phytophthora spp. [23, 24] in spite of the fact that it is a frequent response of trees to Phytophthora infection [25] [26] [27] [28] [29] . A. chilensis profusely produces resin associated with Phytophthora lesions in phloem. Resin-pockets are usually developed below bark in the advance of the Phytophthora lesion [22] . Whether this resin is a specific response to pathogen infection or simply a structural unspecific response is still unknown.
To elucidate this aspect, the composition of A. chilensis resin and its antifungal activity was investigated. The hypothesis was that the resin composition differs on healthy and Phytophthora-diseased trees. To test this hypothesis, resin profile from healthy, naturally infected and artificially infected trees was compared. Fractionated resin of affected trees was tested for antifungal activities.
The present work includes the profiling of resin from healthy and diseased trees of Austrocedrus chilensis and reports for the first time the effect of the A. chilensis resin on the growth of P. austrocedri.
Results and Discussion

Antifungal Activity
The resin samples were compared by thin layer chromatography (TLC) to disclose similarities and differences among the different variables (healthy, natural infection and artificially inoculated trees). A representative resin from naturally infected trees (sample AR-15, Table 1 ) was selected for fractionation and antifungal testing. Preparative TLC afforded nine fractions, with most of the compounds eluting in the fractions Z1 to Z6 (Figure 1) . A comparison of the means of fungal growth after 14 days inoculation is presented in Figure 2A . Growth inhibition assay of the different fractions was assessed by the radial growth of the fungus at 0.5 and 1 mg of the fractions per dish, corresponding to 17.68 and 35.37 µg sample/cm 2 ( Figure 2B 
Resin Profiling by GC-MS and 1 H-NMR
The different resin samples, including healthy, naturally infected and P. austrocedri-inoculated male and female trees were compared by TLC (Figure 1 ), GC-MS ( Figure 3 ) and 1 H-NMR. Figure 4 is showing the structures of compounds identified in resin from A. chilensis trees. The resin profiles from healthy trees were similar to those described by Olate et al. (2014) [19] for female and male individuals from a Chilean population of A. chilensis. However, naturally and artificially infected trees showed a distinctive and different profile with relevant changes in chemical composition. A peak at Rt 14.17 min was diagnostic for the infected resins. The mass fragmentation pattern of the compound is in agreement with the diterpene isopimara-8(9),15-dien-19-ol 1. Representative GC chromatograms of a healthy tree, a naturally infected and an artificially inoculated individual are shown in Figure 3 . H-NMR analysis of the fraction showed the two main constituents, both sharing a common -CH=CH2 and differing in the presence of a primary alcohol for the main compound and an exomethylene for the second diterpene. The spectra are in agreement with the diterpene 1 and manool 3, previously isolated from the tree resin [18] . The assignation of the diagnostic H signals is listed below.
Compound (Isopimara-8 (9) The fraction Z4-5 showed in the 1 H-NMR spectrum an aldehyde H at δ 9.67 ppm, assignable to the main constituent as well as the -CH=CH2 side chain, an exomethylene and three methyl singlets at δ 1.20, 0.94 and 0.49 ppm, compatible with torulosal 6. Several minor compounds also occurs in the fraction, including the isomers E-communic acid 7 and Z-communic acid 8 as well as the minor components 1, 5, and 9, identified by comparison with literature [18] . GC-MS analysis showed a main compound at Rt = 16. The fractions Z3, Z4-5 and Z6-7, obtained by preparative TLC of the resin from A. chilensis trees infected with P. austrocedri accounts for 15.0%, 28.3% and 19.4%, respectively, from the total resin constituents. The most active fraction Z6-7 contains mainly 18-hydroxymanool 4 with 2 and 10 as minor constituents. Fractions Z4-5 yielded the aldehyde torulosal 6 as main compound with 1, 5, 7-9 as additional minor components. The less active fraction Z3 contained 1 as main compound, the alcohol 3 and the aldehyde 6 as other constituents. Mass spectra of the compounds 1, 2a, 3, 4, 6, 7a, 8a, 9a and 10a are shown in Figure 5 . The fragmentation patterns were described in a previous work [18] . 1, 2a, 3, 4, 6, 7a, 8a, 9a and 10a identified from the resin fractions of Austrocedrus chilensis trees inhibiting radial growth of the phytopathogenic oomycete Phytophthora austrocedri.
Production of differential resins in response to wounds, insect attack or fungal invasion has been reported [6, 7, 30] , as well as the antifungal activity of these "defense-response resins" [2] . A four-fold increase of diterpenoids content was found in induced resin of inner bark of Picea spp. [6, 7] , the highest increment was observed in manoyl oxide [7] .
Antifungal activity in conifers has been reported in Taxodium distichum cones, which contain mainly abietane-type diterpenes [31] . Sandaracopimarinol and ferruginol from extracts of Cryptomeria japonica were considered the most active constituents against phytopathogenic microorganisms (Fusarium oxysporum, Phytophthora capsici, Phytium splendens and Ralstonia solanacearum) [32] . Inhibitory action of volatile components of Pinus spp. oleoresins on Phytophthora spp. has been shown by Bunny and Tippet (1988) [23] . Previous work on induced resins have demonstrated that this resin with differential composition is produced de novo in traumatic resin ducts formed as a response to injury [5, 6] . Thus, it would be of interest to investigate the possible presence of this kind of ducts in A. chilensis tissues.
The chemical composition of resins from healthy A. chilensis trees compared with that of P. austrocedri-infected individuals, including naturally infected and artificially inoculated trees showed a clear difference (Figure 3) , with a diagnostic peak of compound 1 for the resins of infected trees. The fraction containing this compound as main constituent showed a slight inhibitory growth effect on P. austrocedri. The main component of the most active resin fraction Z6-7, is the C-18 oxidized product of manool, 18-hydroxymanool 4. The fraction inhibited growth of P. austrocedri by 34.2% at 0.5 mg/dish (17.68 µg sample/cm 2 ) and by 46.2% at 1 mg/dish (35.37 µg sample/cm 2 ), respectively. Manool was reported as having toxicity towards the brine shrimp and cytotoxic effects [33] . The compound showed antibacterial activity against Staphylococcus aureus and Stenotrophomonas maltophilia, antifungal effect against Candida albicans and cytostatic activity on human cancer cells [34] . The role of this compound on the defense strategy of A. chilensis to P. austrocedri infection deserves further studies.
The compound 4 can be further oxidized to the aldehyde 6 (torulosal) found as the major constituent of the Z4-5 fraction. The results suggest that different oxidation products from the diterpene manool play a role in the antifungal effect of the resin. Further studies should be carried out to disclose if the oxidation of manool is a host response or if the derivatives are formed via microbial oxidation (biotransformation) of the parent diterpene. Aranda et al. (1999) [35] reported the oxidation of manool by Mucor plumbeus to the 18-hydroxy derivative as well as several product of fungal bioconversion of labdane diterpenes. A comprehensive review of biotransformations of di-, triterpenes, steroids and other natural products has been summarized by Asakawa and Noma (2010) [36] . While the chemical profiles from A. chilensis tree resins can easily differentiate healthy and P. austrocedri infected individuals, the possible convertion of manool to the antifungal derivatives 4 and 6 by the microorganism remain to be established.
Experimental Section
Plant Material
Resin from phloem of male and female A. chilensis trees, including healthy and P. austrocedri-diseased trees was collected. To further confirm possible changes in resin composition associated with the fungal infection, resin from artificially inoculated P. austrocedri individuals (controlled conditions) were also included in the study. Trees were located in the Los Alerces National Park and the 16 de Octubre Valley, Chubut Province, Argentina ( Figure 6 ). The resins were stored in glass containers, hermetically closed until analysis. The origin, sex and observations on the samples are summarized in Table 1 .
General Procedures
All solvents used in chromatographical procedures were previously distilled. Pre-coated silica gel plates (Merck, Darmstadt, Germany, Kieselgel 60 F 254, 0.25 mm) were used for TLC. 
Resin Analysis by TLC and Isolation of the Resin Constituents
The composition of the different resin samples was first assessed by analytical TLC using silica gel as stationary phase and PE:EtOAc 80:20 (v/v) as eluent. The spots were visualized under UV light and revealed with p-anisaldehyde reagent and heating until development of colors. After TLC comparison, representative samples of the resin of male and female trees, including healthy, naturally infected and inoculated individuals were selected for GC-MS and NMR studies.
A representative sample from a diseased individual was selected for the preparative isolation of the constituents and antifungal-guided identification of the resin bioactives. The sample (400 mg) was separated by preparative TLC (silica gel, PE:EtOAc 80:20 v/v) in nine different zones, according to the Rf values and visualization under UV light. The bands were scraped off, extracted with ethyl acetate, filtered and taken to dryness to afford the fraction Z1 to Z9. Fractions Z4 and Z5 showing a similar composition were pooled as well as fractions Z6 and Z7. Fractions Z8 and Z9 contained mainly degraded products and were not further investigated. The fractions were assessed for activity against P. austrocedri and analyzed by GC-MS (as methyl esters) and 1 H-NMR. The compounds/fractions were stored in closed glass containers until the antifungal assays.
Antifungal Activity Assays
The fractions obtained by preparative TLC of the sample were evaluated as antifungal agents against Phytophthora austrocedri. The assays were performed with 0.5 and 1.0 mg fraction per Petri dish (60 mm, surface area: 28.27 cm 2 ) using tomato agar as culture medium. The obtained fractions were dissolved in 25 µL ethanol (Molecular Biology grade) and spread in the surface of sterile dishes containing the culture medium. The liquid was distributed uniformly with a triangular handle. The Petri dish surface was 28.27 cm 2 . Therefore, the 500 and 1000 µg/dish are about 17.68 and 35.37 µg fraction/cm 2 , respectively. After drying the plates, a 5 mm plug from the margin of an actively growing colony of Phytophthora austrocedri was fixed in the central part of the agar. The plates were sealed and incubated at 15 °C in the dark. The radial growth of the pathogen was measured after 14 days. Treatments and the respective controls (solvent control: ethanol and untreated control) were done by quintuplicated. ANOVA was used to compare mean growth rates. Post hoc Tukey test were used for multiple comparisons of groups according to normality and homogenity of variance based on the Levene test (SPSS Statistics 17.0).
GC-MS Analysis
The resin samples were dissolved in anhydrous chloroform and treated with diazomethane in diethyl ether to obtain the methyl esters of carboxylic acids for analysis. The derivatized resins were dissolved in dichloromethane and 1 µL was injected in the GC-MS apparatus for analysis. The method used was described in Olate et al. (2014) [19] . (Olate et al., 2011 (Olate et al., , 2014 [18, 19] .
3.6.
H-NMR Analysis
All NMR experiments were performed on a Bruker Avance 400 NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a 5 mm inverse detection z-gradient probe. The 1 H spectra were measured at 400 MHz at room temperature (20 °C) using CDCl3 as solvent. Chemical shifts are given on the δ scale and were referenced to residual CHCl3 at 7.25 ppm. One-dimensional 1 H spectra were acquired under standard conditions. Additional experiments for structural elucidation included 13 C-NMR, Distortionless Enhancement of NMR signals by Polarization Transfer (DEPT), Rotating frame Overhauser Effect Spectroscopy (ROESY) for the main compound from the fraction most active against P. austrocedri.
Conclusions
In this work, the changes in the diterpene composition of A. chilensis resin in the presence of the phytopathogenic fungus Phytophthora austrocedri were studied. The diterpene composition of resins from naturally and artificially infected trees was compared with resins from healthy individuals. The resin profiles were studied by GC-MS and H-NMR techniques. Resins from P. austrocedri infected trees showed relevant differences in its diterpene profiles in comparison with resin from healthy trees. The effect of resin from P. austrocedri infected trees on the growth of this pathogen was evaluated in vitro, using different resin fractions obtained by chromatographic means. The resin from A. chilensis taken from an infected tree exposed an interesting antifungal effect evaluated as the inhibition of mycelial growth in agar plates. The most active resin fractions contained 18-hydroxymanool and torulosal as the main constituents. These compounds are oxidation products of manool, probably produced by the tree as a chemical response against the fungal infection or formed by the pathogen as a biotransformation product.
The differences in the diterpene resin composition due to P. austrocedri infection were established in this work. However, the possible microbial conversion of manool to its oxidized derivatives requires further investigation.
